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How to organize BSM predictions?

Simplified Models Effective Field Theory
5. Mtgluinotneutralino DO Fs : gin, d, be,

L -- Isnt igttfg
Hi Bmw,,6,

+ my 55 Symmetries :
5h13)xSU(2) xhci)

I'a5ggE L -- Ism ta;§, MEET



The Standard Model as EFT
"

Heavy physics decouples
"

• Only SM dots
• Symmetries : Lorentz + 5h13)xShk)xha)

Realize electroweak symmetry
linearly or non - linearly

T

SME FT HEFT



To SMEFT or to HEFT ?
HEFT b SME FT

Goal : what (perturbative)

rtsesqmuirmdfeet ??
Literature
• Alonso

,

Jenkins
,
Manohar (arXiv : 1605.03602T . . . )

• Falkowski , Rattazzi (arXiv : 1902.05936)
• Chang , Luty ( arXiv : 1902.05556 t . . .)
• Bri bio

,
Trott (arXiv : 1706.08945)
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I
.
Define SMEFT THEFT



Define SMEFT THEFT

scope (ATM)

scalar sector only
Operators up to two derivatives
custodial symmetry
5h12) x Uci ) -75014)
Field redefinitions do

not include 2 interactions



SM EF T (v -- O)

Let § be an OG) vector

g- → of

Identify H
-

- # (Hq
,
9g;)

5. t
. THY to ⇐ 494 > to



SM E FT (v -- O)

Ls
meet

= AHHH 12h12 t IBGHI4fdfh.ly)
"

- T (htt) to ( 24)
A
,
B
,
T are real analytic @ origin IHI-- o

⇒ have convergent Taylor expansion @ Htt :O

( Aco) =/ ⇒ canonical norm)
Think of Qi as (artisan cords on manifold

8=0 is invariant point under 014) transformations



HEFT ( v to)

Non - linearly realized Sym breaking
C)(4)foggy Catan

,
Coleman
,
Wess
,
Zunino (1969)

Polar coordinates :
h (physical Higgs )

T ( Goldstone bosons)

¥:*:÷: . . ÷÷÷÷÷÷,



HEFT ( veto)

014 ) transformation : h → h
,
in → Ori

⇒ ri in non - linear rep

THEFT = If (HD
"

( 2h )'t 'zfvFChD%i5
- Vch) +0124) (h ) -- O

(Elo) =/ is canonical norm )



HEFT ( v to)

Does HEFT know that TH > = v?

ATM ⇒ There might be special place
on manifold h

#
= - V where

014 ) symmetry is manifest

Determined by F(h* )
-

- 0

If h=h* exists ⇒

HEFT → SMEFt possible



HEFT → SMEFT ?

Map : htt
-

- II. I = Ifu tht
12h12 = I (JI)

'

= { (dh5t{ (wth)Ydn5

(21h42 = (g .iq/Z=CvthTCdh5
Naively :
ZHEFE HHTTICHHIY:#ft' -

+ T(htt) +0424) Analytic @ IHHO ?



I. Light BSM and Analytic ity



Light BSM and Analytic ity
Given Luv integrate out heavy state
⇒ Lupi . Expand and truncate ⇒ LEFT

we will use functional methods
1) tree exchange

2 examples : → X.

* see also
2) loop exchange

arXiv : 2011.02484 ¥2 → ¥by TC, Lu, Zhang



Tree Exchange
Extend EM

.

with singlet scalar $

LBsm= IS
' (- T - m2 -HIHI ' ) f'- atHTS

'
t b 53

Integrate out S
'

using EOM (neglect
2) :

is [H) = Ly f- m't KIHIZtfhhtl7-2ah.lt#
⇒ VI, Usm -↳(m2 +HIHI2)((m2 thtHITZ -3abHHJ

+ ((m2 + HIHI ') - Zab IHI2)
"Z



Tree Exchange ⇒ SMEFT

Expand

VIPEV.sn -↳(MZTHIHI2)((m't MH17
Z
-3abHHJ

+ ((m2 + HIHI ') - Zab 1h12]
"

in Htlymz ⇒ Local IMEFT expansion



Tree Exchange ⇒ HEFT
But if MZ -- O . . .

UupE- Usn t 3%13 ab HIHI " - 7231Htt t

is non - a.ay ,
f- Zab "" ' th

'

htt 4)%)
c about IH1=0

⇒ HE FT (will revisit)
Similar story for corrections to 12h13 CHAI'T



Loop Exchange
Singlet extension w/ a -- b -- O (eg 2hPM)

LBsm= IS't- P - m2 -HHT) ,S
'

Leading BSM correction at one loop

Use functional matching 401%7" -v,Y; berg)
Mj -- m't# v2 ⇒ fd 'LL,

'
= i log detfdtmxsdhtl)



Loop Exchange

Lupe = 12h12 -Mi htt't Ith HH
"

+ ⇐ (m2 + HIM 'T(In f÷¥, t })
+ ¥Im¥⇒, IHHTY

When m2 to ⇒ expand to derive local SHIFT

but mZ=o⇒ log (hiya,µ,)
non - analytic !
⇒ need HEFT
(will revisit)



Is Analytic ity Enough ?

Does requiring A, B,
I be analytic

ensure § ME FT ?

Field redefinitions do not change physics
( must be analytic and include linear term)

Cannot remove non - analyticity w/ H redef
What about using redefs of h ?



Field Redefinitions of h
Let

E- Ifl t ⇒Yall't 'zCvthM¥t¥Ycan5- V
= I
, ( It Fftf)Http
+¥i÷⇒ . ""ii. ol:÷÷¥I
-

Looks like no SMEFT expansion . . .



Field Redefinitions of h

But let h
,

- ht 4th ( nmoinshoifftuin)
⇒ 7h, -- (It #Hrh
and ( 4th , )Z= (wth)2f¥t¥) 4=¥v

⇒ Lethal, ) 't 'zCv, th .14255 TV
= 12h, l 't f ⇒ SMEFT!



Field Redefinitions of h

We learned that analytic field redefs
of h can obscure analyticity in
terms of H .

Field redefs within HEFT can

obscure SMEFT
When shouldImust one use HEFT?



III. EFT Convergence
(why HEFT ?)



Practical Criterion

One should match onto HEFT when

integrating out a state whose mass

is near for below) the electroweak scale

check radius of convergence
for EFT expansion



Practical Criterion
Radius of convergence :

I > Em¥.ci/Hl2m3Xph=mEZjIm(m-DCzm-DcmfF)2m-4vh3
⇒ if Arv and Cnn I

⇒ SMEFT does not converge



Applying the Practical Criterion
Revisit singlet loop example
✓ Hoop -- ⇒ (m2tHlHl7Z(lnfµpt })
SMEFT : expand in Isner, = Hm#
HEFT : expand in IT,#* = KAHR -IV)

Itv2
so that mZ(ItEsme = mpfy.sc/tIHEFr)



Applying the Practical Criterion

✓ I
- loop = ⇒ (m2+7211472(Inftp.T.pt })

hoax 21-1)
k

k

↳meet > . . . t E ISMEET

U =3

theirs . . . t uYIuz, I..!,



Radius of Convergence
Define r -- I

72%

S.t. r → so as m2 → a

~ 'T
r > I

.

Then
MEET

. both converge

Osrfl ;
SMEFT does

F-HEFT
~ ¥ not converge

r -- O : SMEFT does
not exist



Rate of Convergence

Correction
correction ← to

to → 44
h3 ¢
no



II. Curvature Criterion
( why HEFT?)



Curvature Invariants

we saw examples where particle gets
all of its mass from Higgs
⇒ SME FT does not exist

But could be obscured by field redef
Want basis independent check

Goal classify UV theories that require HEFT



Curvature Invariants
(Agm)

Analog w/ GR : define metric on moduli space

Note Grit -- (Si; tanning)Gini ) (den;)

⇒ Lae
,
EIICHICahl 't 'z[vHhD4ai5

⇒ metric
Shh

-

- IZ

9ij=uFY8ijtY)



Curvature Invariants

metric
Shh
- IZ

9ij=vFYSijtY)
Ricci scalar

12=-71,7 Kaif ) - lane)l¥2FD
+ Ngfg fl - (¥m77



see paper
Curvature Criterionlforproof-AHEFT can be expressed as SMEFT iff

1) F(h=h* ) -- O : candidate 014) invariant point

2) The metric is analytic @ h*

• F tI have convergent Taylor exp @ h *
• Curvature invariants ( 02h) R are finite @ h*

3) The potential is analytic @ h*
• V has convergent Taylor exp @ h*
• (O") U are finite @ h *



HE FT is a Black Hole

conjecture : checking finiteness ofRav
is sufficient.

Two classes of models need HEFT:

•
BSM State getsConical singularity . all of its mass from H

Horizon : BSM sources of symmetry
breaking



Conical Singularity
F- x : singlet w/ Elitist 513 ⇒ tree level

⇒ R ( h -- - v) -_am÷Ng(Natl)
finite w/ MZ to but diverges as m2 -20

Ex : singlet w/ $4HT ⇒ loop level

⇒ R(h= - v)=g⇐÷mzNq(Natl)
but Rlmz=o=%m+nf¥+sa •



Horizon
We provide three examples in paper.

Rely on
"

EFT submanifold
"

picture
Ex : Abelian toy model w/ vers ft r

←physical
Vac

z ← physical
M 'O vac Mi}sm0
BSM

y
←

SMEFT T
fixed no SMEFT

fixed trajectory point trajectorypoint
⇒ HEFT



I. Unitarily
( where HEFT?)



Unitarily
In forthcoming paper, we follow

ATM to compute scattering
amplitudes in terms of curvature

invariants
, generalizing unitarily

arguments of Falkowski , Rattazzi .
• HEFT violates perturbative unitarily
when Su 41Tv



VI. Summary and Outlook



Summary
• EFT is useful for parametrize'ng BSM
• SMEFT : linear realized EW Sym

decoupling manifest

non - linear realized EW Sym
• HEFT : useful when new physics scale

is near V

BSM state gets all mass from H
• HEFT required

• Bsn source of Sym breaking
• HEFT violates unitarily @ su 4Itv



Outlook

• Paper on Unitarily is in progress

• Paper exploring pheno of
"HEF Tons

"
in progress

( t Ian Banta )

• Paper exploring submanifold picture
for

ZHDM in progress (
"

unitary
"
us
"

mass
" basis)

- Extension to field redefs w/ J is unknown


